The isostructural and isoelectronic transition-metal-dichalcogenides 1T-TaS 2 and 1T-TaSe 2 are layered materials with intricate electronic structures. Combining the molecular beam epitaxy growth, scanning tunneling microscopy measurements and firstprinciples calculations, we prepare monolayer 1T-TaS 2 and TaSe 2 and explore their electronic structures at the atomic scale. Both two-dimensional (2D) compounds exhibit commensurate charge density wave phase at low temperature. The conductance mapping identifies the contributions from different Ta atoms to the local density of states with spatial and energy resolution. Both 1T-TaS 2 and 1T-TaSe 2 monolayer are shown to be insulators, while the former has a Mott gap and the latter is a regular band insulator.
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The transition-metal dichalcogenides 1T-TaS2 and 1T-TaSe2 (both compounds are 1T phase by default and "1T" is omitted in the following) exhibit intricate electronic structures. The bulk TaS2 is a Mott insulator [1] [2] [3] [4] [5] [6] with strong electron-phonon and electron-electron interactions [7] [8] [9] , which complicates the phase diagram [1, 7, 10] . The Mott phase is accompanied by the commensurate charge density wave (CCDW), where every thirteen Ta atoms cluster into the so-called star of David (SOD) structure. In each cluster, twelve Ta atoms move toward the center one, forming a 13 13 superlattice. It is found that the Hubbard bands are derived from the 5d orbital of the central Ta atoms [3, [11] [12] [13] [14] . The isostructural and isoelectronic compound TaSe2 possesses similar CDW patterns as TaS2 [1, 7, 15, 16] including incommensurate charge density wave (ICCDW) and CCDW. However, the Mott insulating phase does not exist in bulk TaSe2 even in the CCDW state. It remains metallic to very low temperature [1, 2, 17] .
In the present work, we prepared monolayer TaS2 and TaSe2 films with molecular beam epitaxy (MBE). The electronic structure of the monolayers is studied by scanning tunneling microscopy (STM) and spectroscopy (STS) in the same ultrahigh vacuum (UHV) system as MBE to avoid contamination. There are multiple purposes to explore these monolayers as stated in the following.
In bulk TaS2 and TaSe2, the electronic structures in their CDW phases strongly depend on the interlayer interaction [12, 14, [17] [18] [19] . According to the calculation [12, 14, 18, 19] and angle-resolved photoemission spectroscopy (ARPES) measurement [20] , the interlayer interaction delocalizes the occupied states of TaS2 along the Γ-A direction, while the band along the Γ-M-K-Γ direction remains strongly localized in plane. The quasi-one-dimensional (1D) metallic states in bulk TaS2 can be partially localized by the stacking disorder [2, 12, 18, [21] [22] [23] or partially gapped by the CDW along the z-axis [14] . Whether the bulk TaS2 is a pure Mott insulator or a combination with Anderson localization is still under debate [2, 18, 22] . The interlayer interaction is even predicted to destroy the Mott phase in bulk TaS2 [12, 18] . In this sense, monolayer without interlayer interaction is a perfect platform to elucidate the Mott physics in TaS2. So far, thin flakes of TaS2 down to one monolayer are available through exfoliation [24] [25] [26] [27] [28] [29] and MBE growth [30] . The CCDW persists in the monolayer TaS2 [29, 30] . In addition, magnetic order is predicted to exist in monolayer TaS2 [18] . Even more interestingly, it is suggested that monolayer TaS2 may host the quantum spin liquid ground state [31] [32] [33] . Although STM and STS measurement can not provide any evidence for the existence of spin liquid, the monolayer TaS2 prepared by MBE in the present work could stimulate further investigation on such open problems.
In the case of TaSe2, the CCDW phase persists to the thickness limit [34] while the transition temperature goes down with decreasing thickness [35] . The CCDW strongly modulates the states from the outer Ta atoms of the SOD, which contribute multiple flat bands below or above the Fermi energy EF [17, 19] . Earlier works also show evidence that the Mott insulating phase may exist in the top layer of bulk TaSe2 [36, 37] . For monolayer TaSe2, ARPES measurement [34] finds a sizable energy gap at Fermi energy (EF). However, more evidence is needed to determine the nature of this gap in monolayer.
The charge-density wave and Mott phases are still controversial in monolayer TaS2 and TaSe2. The present work tends to elucidate the ambiguity in these two-dimensional (2D) systems. The experiments were conducted in a UHV system combining STM and MBE. The base pressure is ~ 1 × 10 −10 Torr and the STM is operated at a temperature as low as 4.2 K. Following the previous work [30] , the TaS2 and TaSe2 monolayers (as sketched in Fig. 1(a) ) were prepared on the graphitized 6H-SiC(0001) (resistivity: 0.01-0.1 Ω•cm) substrate mainly terminated with epitaxial bilayer graphene (BLG). High-purity Ta and Se were co-deposited onto the substrate held at 650 °C, and the pressure was about 2×10 −9 Torr during the growth. For the case of TaS2, FeS serves as the sulfur source. The pressure is about 5 × 10 −8 Torr and the substrate temperature 550-700 °C during the growth. After single layer of TaS2 or TaSe2 was formed, the sample was immediately transferred into the STM head to perform local topographic imaging and STS measurements without breaking the vacuum.
We have shown the image of TaS2 monolayer in an earlier work [30] , where the ratio between 1T and 2H phases can be tuned by controlling the temperature and coverage of the sample during growth. Here Fig. 1(b) displays the 1T phase of monolayer TaSe2. The apparent heights (measured at sample bias 3 V, tunneling current 20 pA) of the monolayers above the graphene substrate are 680 pm for TaSe2 and 516 pm for TaS2, respectively. The difference mainly comes from the effect of local density of state (LDOS).
Similar to previous reports [34] , the 1T phase of monolayer TaSe2 shows the 13 13 CDW pattern ( Fig. 1(c) ) at the liquid helium temperature. According to the fast Fourier transform (FFT) of the atomically-resolved image, the in-plane lattice constant of monolayer TaSe2 is 3.44 ± 0.04 Å. This value is close to the bulk counterpart [38] , which indicates weak van der Waals bonding among TaSe2 layers and between the film and graphene substrate. The lattice is distorted into SOD consisting of thirteen Ta atoms. The lattice constant of this CCDW superlattice is 1.22 ± 0.02 nm. Figure 2(a) shows the CCDW pattern of monolayer TaS2. The long range order is occasionally disturbed by the defects. The STS (Fig. 2(b) ) reveals an energy gap of 0.45 eV at EF and a few peaks. The main features of the spectrum are consistent with those for the bulk counterpart [9, 13, 21, 23] , but much sharper as a result of the elimination of interlayer interaction. The LDOS is strongly modulated by CDW as shown in the spatially resolved spectra cross the center of SOD (Fig. 2(c) ). Conductance mapping (Figs. 2(d) -2(l)) at a few characteristic energies was conducted for the area indicated by the white rectangle in Fig. 2(a) . At 0.772 V, the states mainly localize at the rims of SOD. By reducing the bias voltage, the spectral weight gradually moves from the rim to the center. In particular, the two peaks in dI/dV right above and below EF predominantly distribute on the center of SOD.
To understand the electronic structure of TaS2 monolayer, the first-principles calculation is employed via the Vienna ab initio simulation package (VASP) [39] [40] [41] [42] within the framework of density functional theory. The electron-ion and electronelectron interaction are described by the projector augmented wave (PAW) method [43] and Perdew-Burke-Ernzerh of generalized gradient approximation (GGA-PBE) [44] , respectively. The plane wave energy cutoff is 280 eV and the k mesh of Brillouin zone integration is Γ-centered 6 × 6 × 1. The atomic coordinations are fully relaxed until the residual forces are less than 0.002 eV/Å and the lattice constants are fixed to the experimentally determined values. To describe the Coulomb interaction of Ta 5d orbitals, we employ a +U correction [45, 46] with U − J = 2.27 eV, as obtained from the linear-response calculation in TaS2 previously [18] . A 15 Å vacuum is added along the c-axis to eliminate the interlayer coupling. According to the space symmetry, the Ta atoms in one SOD (inset of Fig. 3(a) ) can be divided into three groups, the central atom (black ball in the inset), the six nearest atoms (blue) and the six next-nearest atoms (red). The valence states of Ta and S atoms are +4 and −2, respectively. Therefore each Ta atom should contribute one unpaired 5d electron to the band near the Fermi energy. The nearest and the next-nearest Ta atoms form bondings with each other while the central one is isolated from the rest. Figure 3 (a) exhibits the projected density of states (PDOS) of the monolayer TaS2. The 5d electrons of the nearest and next-nearest Ta atoms form fully occupied extended bands. In the meanwhile, the band contributed by the central Ta atom is half filled near the Fermi level. Because of the Coulomb repulsion, it splits into the two sharp peaks, one below and one above the Fermi level. These peaks are referred as the lower and upper Hubbard bands (LHB and UHB), respectively. For comparison, the mapping of states for 0.202 eV (Fig. 2(g) and assigned as UHB) and −0.311 eV (Fig. 2(i) and assigned as LHB) are both localized on the center of SOD. The good agreement between experiment and simulation indicates that TaS2 monolayer is a Mott insulator. Without the interlayer interaction as in bulk, the Mott gap is free of intra-gap states. Similar calculation is performed on TaSe2 monolayer ( Fig. 3(b) ). The highly localized band originated from the 5d orbitals of the central Ta atom is fully occupied and the Fermi level is dominated by the extended states from the nearest and next-nearest Ta atoms. Therefore, TaSe2 monolayer should be metallic according to the calculation.
Although the band structure calculation indicates that TaSe2 monolayer is a conductor, the STS measurement shows an energy gap of 0.2 eV at EF (Fig. 4(a) ). Spatially resolved spectra are measured along the two dashed lines in Figs. 4(b) and 4(c). The LDOS is strongly modulated by CCDW and non-uniformly distributed on the surface. For example, the states around 0.2 eV are continuous along the line between two rows of SOD ( Fig. 4(b) ). In contrast, they are highly inhomogeneous along the line crossing the central Ta atoms of SOD ( Fig. 4(c) ). The conductance mapping (Figs. 4(d)-4(i)) for characteristic energies was performed to further reveal the detailed electronic structure. For the unoccupied states (positive bias), the LDOS is mainly localized on the rims of SOD ( Figs. 4(d) -4(f)) and forms a hexagonal mesh. Such pattern is consistent with the line spectra in Figs. 4(b) and 4(c). At the negative bias (Figs. 4(g)-4(i)), the centers of SOD contribute more to the LDOS. Qualitatively, the electronic states of TaSe2 monolayer have different distribution from those of TaS2. In particular, the states right below and above the energy gap comes from different Ta atoms, indicating that TaSe2 monolayer is not a Mott insulator. Further work is needed to understand the insulating behavior of TaSe2 monolayer.
In summary, we prepared monolayer TaS2 and TaSe2 with MBE and then studied their electronic structure with in situ STM and STS. Both compounds exhibit commensurate charge density wave phase at low temperature. The STS and firstprinciples calculation reveal that monolayer TaS2 is a Mott insulator with a gap of 0.45 eV. This may open a new avenue to study the quantum spin liquid ground state. For the case of TaSe2 monolayer, while the first principle calculation predicts a conductor, the spatially resolved spectra indicate that it is a band insulator with a gap of 0.2 eV. The discrepancy needs further investigation.
